The contents, components, and synthesis genes of cell wall teichoic acid (WTA) in 18 strains of Lactobacillus plantarum were compared. The WTA of each strain was classified by its components as being either the glycerolor the ribitol-type. The different strains in the WTA type showed marked differences also in two gene regions, tagD1-tagF2 and lp 1816-tagB2, as for the presence or absence, nucleotide sequences, and transcriptional activities. Our results clearly showed that the tagD1-tagF2 and lp 1816-tagB2 regions contained the synthesis genes of the WTA backbone of L. plantarum. We verified that the genes in the tagD1-tagF2 region were involved in the synthesis of the glycerol-type backbone. Furthermore, we propose that the genes in the lp 1816-tagB2 region were tarI, tarJ, tarK, and tarL, which are involved in the synthesis of the ribitol-type backbone.
The cell walls of Gram-positive bacteria are generally thicker than those of Gram-negative bacteria, and robustly cover the cell membrane. Multiple layers of peptidoglycan, a principal component in the cell walls of Gram-positive bacteria, play an important role in protecting bacterial cells against mechanical, chemical, and osmotic stresses. 1, 2) In addition, most Gram-positive bacteria have various other components in the cell wall such as cell wall polysaccharides and surface layer proteins, which constitute the thick cell wall together with the peptidoglycan layers.
3) These additional components in the cell wall play particular roles in adding to the overall functioning of the cell wall. Cell wall teichoic acid (WTA) is one of the additional cell wall components of Gram-positive bacteria, and is often as abundant as peptidoglycan in the cell wall. WTA generally consists of a poly(alditol phosphate) chain with a large amount of phosphoric acid in the backbone of the chain. The anionic charge on the cell surface of Gram-positive bacteria is due to this phosphate-rich WTA backbone. WTA has been reported to serve functions related to the mechanical strength of the cell wall, adhesion, biofilm formation, and cation homeostasis. [4] [5] [6] Furthermore, WTA also functions as a glycopolymer in the identification of serological types and in the antigenicity of bacterial strains. [7] [8] [9] It is the most studied cell wall polysaccharide of Gram-positive bacteria.
WTA is found in the cell walls of many lactobacilli. 10) However, despite the importance of WTA, little is known about the details of its structure or the genes involved in its biosynthesis. A major complexity in studies on WTA is that the structures of WTA are highly diverse, even within the same species. As is well-known from studies on WTA in Listeria monocytogenes, the components and configurations of WTA can differ at the strain level. 7) The varied structures of WTA are a significant factor in dramatically increasing the intraspecific diversity of the cell wall structure. Therefore, the major functions of WTA might be related not only to the anionic charge of the phosphate-rich backbone, but also to the structural diversity of the glycopolymers. The most distinguishing feature among the various WTA structures is a difference in alditol in the WTA backbone. Glycerol-type WTA, which contains glycerol in the backbone, is the most common type of WTA in bacteria and actinomycetes. In addition, various types of WTA have been found that contain ribitol, mannitol, or erythritol in the backbone. [11] [12] [13] Lactobacillus spp. have been found to contain only glycerol-type WTA in the cell walls. 10) However, Lactobacillus plantarum is the only exception among lactobacilli. The presence of not only glycerol-type WTA but also ribitol-type WTA has been reported in the cell walls of L. plantarum strains. [14] [15] [16] Building on this knowledge, we examined the relationships between the WTA backbone (glycerol or ribitol) and the genes involved in its synthesis in strains of L. plantarum.
In Bacillus subtilis strains 168 and W23, which respectively synthesize glycerol-and ribitol-type WTA, the type of WTA is determined by the genes tag and tar, respectively. [17] [18] [19] [20] Based on a knowledge of these genes, we focused on two gene regions from the genome of L. plantarum WCFS1 (a single colony isolate of strain NCIMB 8826) whose genome has been completely sequenced. 21) One region consists of tagD1, tagF1, and tagF2 (tagD1-tagF2), and the other consists of lp 1816, lp 1817, tagB1, and tagB2 (lp 1816-tagB2). Based on a y To whom correspondence should be addressed. Fax: +81-3-5477-2537; E-mail: ttagggtelomere@gmail.com study of 18 strains of L. plantarum, we report the obvious differences in two regions among the 18 strains of L. plantarum, and we describe the role that the tagD1-tagF2 and lp 1816-tagB2 regions play in the synthesis of the WTA backbone.
Materials and Methods
Bacterial strains used. The L. plantarum strains used in this study are listed in Table 1 . These strains were all L. plantarum subsp. plantarum, and their identification was carried out in advance following the method described by Bringel et al. 22) To investigate the distribution of WTA structural diversity in natural environments, 14 out of the 18 strains tested were chosen from isolates of the same source, sunki, a Japanese fermented pickle of turnip leaves. 23) Additionally, L. plantarum NCIMB 8826, which is isogenic to strain WCFS1, was used to determine its WTA type and as a standard in the PCR amplification of the WTA synthesis genes.
Compositional and quantitative analyses of WTA. Cell cultivation, cell wall, and WTA preparations were performed as described in our previous study. 16) Each WTA was dissolved in water, and the absorbance at 260 nm was measured with a U-2810 spectrometer (Hitachi, Tokyo) to confirm the absence of nucleic acids. Additionally, the WTA was subjected to anion-exchange chromatography on a DEAE-Toyopearl 650M (Tosoh, Tokyo) minicolumn, and the absence of neutral polysaccharides was confirmed by the phenol-H 2 SO 4 method. 24) To determine the amount of WTA in the cell walls of each of the strains, the WTAs and the cell walls of the strains were ashed with 6 N perchloric acid in micro-Kjeldahl flasks, and the phosphoric acid content in the ashed samples was measured by Allen's method. 25) The estimated WTA content in the cell wall (%, w/w) was calculated by dividing the phosphoric acid value obtained for the cell wall by that obtained for the WTA. The estimation was predicated on the premise that almost all the phosphoric acid in the cell wall of L. plantarum was derived from WTA. To determine the WTA components of each of the strains, the WTAs of the strains were hydrolyzed with 6 N hydrochloric acid in vacuum reaction tubes, and the sugars, hexosamines, and amino acids in the hydrolysates were detected by highperformance liquid chromatography (LC-10 system; Shimadzu, Kyoto, Japan), as described in our previous study. 16) PCR amplification of WTA synthesis genes. Chromosomal DNA was prepared from each bacterial strain by the method of Zhu et al. 26) and then used as a template for PCR amplification. Amplification was performed using Takara Ex Taq DNA polymerase (Takara Bio, Shiga, Japan) with a Peltier Thermal Cycler PTC-200 (Bio-Rad Laboratories, Hercules, CA). The reactions were run with denaturation for 3 min at 95 C, followed by 35 cycles of amplification (95 C for 30 s, 55 C for 30 s, 72 C for 5 min) and final extension for 7 min at 72 C. The tagD1-tagF2 region of the strains was amplified using two primer sets designed from sequences inside and outside the region in the genome of L. plantarum WCFS1 (GenBank accession no.: AL935257). The inside primers were tagD1-f2 (5 0 -AAGCGAGTTATTACGTACGG-3 0 ) and tagF2-r1 (5 0 -CAAACAATTGCTCTAGTTTC-3 0 ), and the outside primers were tagD1-f1 (5 0 -TGTGTGATTCGTCGTTTTGC-3 0 ) and tagF2-r5 (5 0 -AACGGTGTTTCACGTGGAAC-3 0 ) (Fig. 1A) . The lp 1816-tagB2 region was amplified using primers designed from sequences outside the region, lp 1816-f2 (5 0 -CAGAGTTTCGTAGAC-GAGTC-3 0 ) and tagB2-r2 (5 0 -GCCGTGTCGTAATTTGTGAC-3 0 ). The PCR products were subjected to electrophoresis in a 1.5% or 0.8% agarose gel using a Mupid-2X system (Advance, Tokyo).
DNA sequencing and phylogenetic analysis. For sequencing analysis, the PCR products of the lp 1816-tagB2 region of the strains were purified using a Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI), and were sequenced using BigDye Terminator cycle sequencing kits (versions 1.1 and 3.1; Applied Biosystems, Foster City, CA) on ABI Prism Genetic Analyzers 310 and 3130 (Applied Biosystems). The nucleotide and amino acid sequences of the WTA synthesis genes in the genome of L. plantarum WCFS1 were quoted from the NCBI GenBank database (accession no.: AL935257). Multiple alignments and phylogenetic analysis of the sequences were performed by Clustal X (version 1.83) and NJ plot programs using the neighbor-joining method. 27) Sequence similarities are quoted from the results of a nucleotide and protein BLAST search of the National Center for Biotechnology Information (NCBI). buffer (10 mM Tris, 1 mM EDTA, pH 8.0), and treated with 3 mg/ml of lysozyme (egg white, Seikagaku, Tokyo) in TE buffer at 37 C for 15 min. Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA). For northern blot, 10 mg of RNA was denatured at 65 C for 10 min in 0.2 M 3-(N-morpholino) propanesulfonic acid (MOPS) buffer (pH 7.0) containing 5% formaldehyde, and electrophoresed on a 1.4% agarose gel with 0.2 M MOPS buffer. The gel was blotted onto a Hybond-N þ membrane (GE Healthcare, Buckinghamshire, UK) with 20Â standard sodium citrate (SSC) buffer, and hybridized with DNA probes at 65 C for 20 h in 0.5 M sodium phosphate buffer (pH 7.2) containing 10 g of bovine serum albumin and 70 g of sodium dodecyl sulfate per liter. Preparation of the DNA probes and detection of the hybridization were performed according to the instructions in the DIG DNA Labeling and Detection Kit (Roche Diagnostics, Mannheim, Germany). The digoxigenin labeled probes were prepared from PCR products of the tagD1-tagF2 region of NCIMB 8826, and of the lp 1816-tagB2 region of NCIMB 8826 and NRIC 1068.
RNA isolation and

Results
Compositional and quantitative analyses of WTA The L. plantarum strains grew actively in the GYP medium and were not different in growth rate. For several strains, the medium culturing the cells was observed to be highly viscous, perhaps due to extracellular polysaccharides. They were physically removed from the cells in the cell disruption procedure with ultrasonication. The WTAs of the 18 strains were extracted from the purified cell walls, and these were not contaminated with detectable amounts of nucleic acids or neutral polysaccharides. The neutral polysaccharide consisting of glucose and rhamnose, as described by Ikawa et al., 28) was not also detected in the fractions of WTA prepared from any of the strains.
The phosphoric acid contents, especially in the WTAs, differed markedly (95-256 mg/mg) among the strains, presumably as a result of structural differences in the WTA. The estimated WTA content in the cell wall was 35% (w/w) on average and 49% at maximum ( Table 1 ). The cell walls of 16 out of the 18 strains consisted of more than 30% WTA, indicating that a characteristic of L. plantarum is that its cell wall contains a large amount of WTA.
Compositional analysis of the WTAs of the strains showed that the WTA from each of the 18 strains consisted of ordinary components: alditols, phosphoric acid, glucose, and D-alanine. Two different alditols, glycerol and ribitol, components of the WTA backbone, were detected. The hydrolysates of six out of the 18 strains contained glycerol, and those of the other 12 strains contained ribitol. It was suggested that their WTA backbone structures were poly(glycerol phosphate) (poly(GroP)) and poly(ribitol phosphate) (poly(RboP)), respectively. No WTA containing both glycerol and ribitol was detected in any of the strains used in this study, confirming that L. plantarum had either one or the other type of WTA in the cell wall. The WTA types of the strains are shown in Table 1 . Glucose and D-alanine were found in the hydrolysates of WTAs of all strains. As for L. plantarum NCIMB 8826, which is isogenic to L. plantarum WCFS1, glycerol-type WTA was detected in the cell wall.
Detection of the tagD1-tagF2 region among the strains The tagD1-tagF2 region of L. plantarum WCFS1 contains WTA synthesis genes which have been annotated as coding glycerol-3-phosphate cytidylyltransferase and teichoic acid biosynthesis protein F.
21) The amino acid sequence of tagD1 of L. plantarum WCFS1 is highly homologous to TagD of B. subtilis 168 (69% identity, 82% positives), and it is plausible that tagD1 is involved in the substrate synthesis of polymerization of the glycerol-type backbone. The sequences of tagF1 and tagF2, which lie downstream of tagD1, share a homologous domain with TagF of B. subtilis, which is poly(GroP) polymerase. These genes in the tagD1-tagF2 region were expected to be necessary for L. plantarum to synthesize glycerol-type WTA.
The tagD1-tagF2 region of each of the 18 strains tested and NCIMB 8826 was amplified by PCR with primers designed from sequences inside and outside of the region. The PCR products showed an obvious difference between the strains with glycerol-type WTA and those with ribitol-type WTA (Fig. 1B) . Using outside primers, the products of the strains with glycerol-type WTA were approximately 5.5 Kbp, except for SNK1, but the products of the ribitol-type WTA strains were only approximately 0.6 Kbp. The nucleotide sequences of the small products were determined, but no gene was found in the sequence in any of the ribitol-type B   M  G1  G2  G3  G4  G5  G6  G7  R1  R2  R3  R4  R5  R6  R7  R8  R9  R10  R11  R12 T , NRIC 1068, KM2, KM16, No. 7, No. 8, SNJ22, SNK4, SNK16, SNK24, SNK42, SNK47. The initials of the lanes, G or R, mean that each strain has either glycerol-or ribitol-type WTA in the cell wall (see Table 1 ). C, Partial nucleotide sequence of the small PCR product of L. plantarum NRIC 1068. Black and white boxes indicate the sequences of neighboring genes of the tagD1-tagF2 region. strains (Fig. 1C) . Additionally, the sequence did not share any similarities with the genome of L. plantarum WCFS1. The product of SNK1 was larger only than the other strains with glycerol-type WTA. A transposon lying downstream of the tagF2 sequence of SNK1 was found by sequencing analysis, but the open reading frame of tagF2 was not disrupted by the transposon.
Detection and phylogenetic analysis of the lp 1816-tagB2 region among the strains
We found that the ribitol-type WTA strains lacked the tagD1-tagF2 region, but no synthesis genes of the ribitol-type backbone had been reported in the genome of L. plantarum WCFS1. Based on knowledge of the tar genes of B. subtilis and Staphylococcus aureus, we focused on genes expected to be deeply involved in ribitol-type backbone synthesis in the genome of L. plantarum WCFS1, a strain that synthesizes glyceroltype WTA. The approximately 5.4-Kbp lp 1816-tagB2 region contains lp 1816, lp 1817, tagB1, and tagB2, and their products are putatively annotated as D-ribitol-5-phosphate cytidylyltransferase, ribitol-5-phosphate 2-dehydrogenase, and teichoic acid biosynthesis protein B, respectively. 21) According to the KEGG PATHWAY database (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg/pathway.html), Lp 1817 catalyzes the reaction of D-ribulose-5-phosphate to Dribitol-5-phosphate in pentose and glucuronate interconversions of L. plantarum, and Lp 1816 produces CDPribitol from D-ribitol-5-phosphate and CTP. These reactions are the same as the functions of TarI and TarJ in the WTA synthesis pathway of B. subtilis W23, 18) and the amino acid sequences share 83% and 71% similarity with the sequences coded in lp 1816 and lp 1817, respectively. Subsequently we found that the amino acid sequences of tagB1 and tagB2 also shared homologies with TarK and TarL (48% and 64%, respectively). Hence, we hypothesized that the lp 1816-tagB2 region of L. plantarum contained tarI, tarJ, tarK, and tarL, which are involved in the backbone synthesis of ribitoltype WTA.
The lp 1816-tagB2 region in each of the 18 strains tested and NCIMB 8826 was amplified by PCR. Whereas amplification of the tagD1-tagF2 region resulted in an obvious difference in the presence of the region between the strains with glycerol-type WTA and ribitol-type WTA, the lp 1817-tagB2 region was confirmed to be present in both strains (data not shown). Therefore, we determined the nucleotide sequence of the region in each of the 18 strains (GenBank accession no.: AB510963-AB510980), and performed a phylogenetic analysis of the genes of WCFS1 and the 18 strains using Clustal X. The neighbor-joining tree of the genes clearly divided WCFS1 and the 18 strains tested into two clusters, corresponding completely to the different WTA types (Fig. 2) . This result strongly indicates that the lp 1816-tagB2 region was directly involved in the difference in the WTA type of L. plantarum. Even though the nucleotide sequences of the genes showed marked differences between the WTA types, the amino acid sequences shared high homologies (Table 2) . Additionally, in contrast to the relatively low similarity between the WTA types, the sequences within each WTA type shared almost complete homology. The similarities in amino acid sequences between two WTA types of L. plantarum and the tar genes of B. subtilis are also listed in Table 2 .
Expression analysis of the regions among the strains with different type of WTA
Northern blot analysis showed obvious differences in the transcriptions of two regions between the strains with glycerol-type WTA and those with ribitol-type WTA. Transcripts from the tagD1-tagF2 region were detected only from strains with glycerol-type WTA (Fig. 3B, lane 1-4) , and transcripts from the lp 1816-tagB2 region, in contrast, were clearly detected in the strains with ribitol-type WTA (Fig. 3C, lane 5-8) . Expression of the lp 1816-tagB2 region in strains with glycerol-type were hardly detected (Fig. 3C, lane 1-4 ).
Discussion
The 18 strains of L. plantarum in this study had distinctive cell walls containing large amounts of WTA (Table 1) , and the structures of the WTA were divided into the glycerol-and the ribitol-type as predicted by previous studies.
10) Although 14 out of the 18 strains used in this study were isolated from sunki, a fermented pickle of turnip leaves (Table 1) , both types of WTA were detected without bias. This indicates that L. plantarum strains containing different types of WTA were living together in the same habitat. The presence of such structural diversity has been also found in studies on the WTA of L. monocytogenes, 7) but little is known about the distribution of this diversity in natural environments. Our study has revealed an item of knowledge fundamental for understanding the significance of the diversity of WTA structures in Grampositive bacteria.
In the compositional analysis, no WTA containing both glycerol and ribitol was detected in any of the 18 strains tested or in NCIMB 8826. This indicates that the biosynthesis systems of the WTA backbones are strictly regulated in each strain. Although the glycerol-and ribitol-type WTA strains must synthesize their WTA using different genes, only tag genes have been found in the genome of L. plantarum WCFS1, 21) and there is no information on L. plantarum tar genes. In the present study, we compared the components and synthesis genes of WTA among the 18 strains of L. plantarum, and determined two gene regions, tagD1-tagF2 and lp 1816-tagB2, containing genes involved in the synthesis of glycerol-and ribitol-type WTA.
Based on high amino acid sequence similaritiy to the poly(GroP) synthesis proteins in B. subtilis 168, the genes in the tagD1-tagF2 region of L. plantarum WCFS1 have been annotated as genes related to substrate production and polymerization in poly(GroP) synthesis. In this study, the tagD1-tagF2 region was detected only in the strains with glycerol-type WTA (Fig. 1) , verifying that the region contained poly(GroP) synthesis genes. In contrast, the region was absent in all of the strains with ribitol-type WTA. This is an obvious reason strains with ribitol-type WTA did not have glycerol-type WTA. Therefore, at the same time, the presence of the genes involved in the synthesis of the ribitol-type WTA is strongly indicated.
The lp 1816-tagB2 region was detected in strains with both types of WTA. Phylogenetic analysis based on the nucleotide sequences of these genes divided WCFS1 and the 18 strains into two distinct clusters, and the division correlated completely with two different types of WTA. This strongly indicates that the lp 1816-tagB2 region involves genes related to synthesis of the WTA backbone. The genes in the lp 1816-tagB2 region shared high amino acid sequence similarities with TarI, TarJ, TarK, and TarL of B. subtilis W23 (Table 2) , and the construction of the region was identical to that of B. subtilis and S. aureus (Fig. 4) . Furthermore, the region was actively transcribed only in the strains with ribitol-type WTA, not in the glycerol-type strains (Fig. 3C) . These results further support our hypothesis that the genes in the region are tarI, tarJ, tarK, and tarL. They probably substitute for the genes in the tagD1-tagF2 region lacking in the ribitol-type WTA strains. On the basis of information on the tar genes found in B. subtilis W23, the genes involved in the synthesis of ribitol-type WTA in the genomes of S. aureus strains were reviewed recently. 29) For example, ispD and tagB in the genome of S. aureus NCTC 8325 (GenBank accession no.: CP000253, RefSeq accession no.: NC 007795, locus tags: SAOUHSC 00225 and 00222) are regarded as tarI and tarK, respectively. 30) Therefore, based on the results in this study, we propose that the genes in the lp 1816-tagB2 region of L. plantarum be renamed tarI, tarJ, tarK, and tarL as the backbone synthesis genes of ribitol-type WTA.
The strains with ribitol-type WTA lacked the tagD1-tagF2 region and synthesized only ribitol-type WTA. In contrast, the strains with glycerol-type WTA had both the tagD1-tagF2 and the lp 1816-tagB2 region, but they contained only glycerol-type WTA in the cell wall. In the case of B. subtilis, it has been found that the different WTA types are caused by entire replacement of the original-type WTA synthesis genes with another type. 17) In the present study, based on the results of northern blot analysis (Fig. 3) , L. plantarum strains with glycerol-type WTA were found to regulate their WTA type at the transcriptional level of two regions. The regulation appeared to be due to the nucleotide sequence of the lp 1816-tagB2 region, because the sequence similarity of the putative regulatory region showed marked differences between the strains with the two types of WTA. Further investigation is needed to understand in detail how the L. plantarum strains with glycerol-type WTA regulate the transcription of the lp 1816-tagB2 region.
Using the tagD1-tagF2 and the lp 1816-tagB2 regions, it is possible to estimate the type of WTA in the cell wall of L. plantarum strains without laborious preparation procedures. L. plantarum JDM1, whose genome has been newly sequenced (GenBank accession no.: CP001617), 31) can be regarded as a strain with ribitol-type WTA because it does not have the tagD1-tagF2 region and has the lp 1816-tagB2 region. It is not clear at this time how L. plantarum strains were divided into two major phylogenetic groupings related to WTA structures, but at least it is clear that WTA is closely related to intraspecific evolution of L. plantarum. In the future, it is expected that studies on the structures and synthesis genes of WTA will provide important clues to elucidate the evolution of L. plantarum.
The two phylogenetic groupings of L. plantarum based on WTA types can probably be attributed to a broadening of the intraspecific diversity of the cell wall structure. We believe that in addition to the differences in alditol in the WTA backbone, further structural differences in the WTA will be discovered in L. plantarum. The WTA types had been reported to relate to serological properties of L. plantarum strains, 32, 33) but little is known about the biological roles of the WTA structures as to growth, viability of cells, or adaptability to habitats. The WTA types did not appear to affect the growth of the cells, because the strains used in this study did not show a marked difference in the growth rate in vitro. Thus, major topics of research into the roles played by WTA probably include how WTA affects interactions with other bacterial cells, host immune cells, and bacteriophages, and why Gram-positive bacteria need the structural diversity of the cell surface brought about by WTA. This study indicates that the genes in the tagD1-tagF2 and lp 1816-tagB2 regions are important factors in the intraspecific diversity of L. plantarum.
